Abstract. Based on the possibility of multiphoton ionization of the inner valence electrons in polyatomic molecules, a model was proposed to predict the abundance of different fragments resulting from dissociative ionization of the polyatomic molecules interacting with short laser pulses. According to this model the fragmentation of these molecules occurs through multiphoton ionization of the inner valence electrons, which results in a molecular ion in an excited state. Through radiationless transition the population is transferred to the highly excited levels of the ground electronic state. The molecular ion created in this manner is not stable and dissociates rapidly. To test the applicability of the model, the fragmentation of a benzene molecule interacting with linearly and circularly polarized Ti:sapphire laser pulses was studied. The model was tested by comparing the measured laser-intensity-dependent abundance of C 4 H + 4 fragment ions with the calculated ones and excellent agreement was obtained with the experimental results.
Introduction
Interaction of molecules with radiation in low light intensity conditions has been well understood from the single-photon and low-order multiphoton processes. However, when higher laser intensities are used, where the corresponding instantaneous electric fields generated are comparable in magnitude to the intramolecular Coulomb fields, a host of new phenomena start appearing that could influence the dynamics of molecules which are yet to be elucidated. The perturbative treatment of laser-molecule interaction which could explain the dynamics of molecules at low light intensities is no longer applicable at laser intensities exceeding 10 12 W cm −2 which are sufficient to drive higher-order processes. On the other hand, for accurate, time-dependent, quantum mechanical calculations current computational power is sufficient only to investigate higher-order processes for the simplest single-electron systems such as H + 2 , H + 3 , etc [1] [2] [3] . However, for multielectron systems, such as diatomic and polyatomic molecules, the complexity of the system prohibits detailed calculations of field-molecule interactions at high laser intensities. Among the polyatomic molecules, the interaction of hydrocarbons with strong ultra-fast laser pulses is promising in terms of the potential applications of multiphoton processes in organic chemistry. This importance requires a detailed study of the multiphoton ionization (MPI; tunnelling ionization is included in this general appellation) and of the fragmentation of some simpler molecules such as benzene which are considered as the building blocks of many more complicated hydrocarbons. In the recent past, there has been tremendous interest in studying the interaction of hydrocarbons with laser fields in the non-perturbative regime [4] [5] [6] [7] [8] . However, to the best of our knowledge, there has been no report on a clear picture of the mechanism governing the fragmentation dynamics of these molecules. Therefore, it is important to look for simplified models that can predict the dynamics of the hydrocarbon molecules interacting with high-intensity laser fields with sufficient accuracy.
Recently, we proposed a model [9] from which the abundance of the fragment ions arising from the dissociative ionization (DI) of polyatomic molecules interacting with linearly polarized intense laser fields could be satisfactorily predicted. According to this model the dissociation of the molecules occurs through a three-step mechanism:
(a) MPI of electrons from the inner orbitals of the molecule which results in a molecular ion in ro-vibrational levels of an excited electronic state; (b) rapid radiationless transition to the high-lying ro-vibrational levels of a lower electronic state; and (c) subsequent dissociation of the ion to different fragments through various fragmentation channels.
This mechanism relies on the occurrence of MPI of inner valence electrons which has been confirmed in the case of a diatomic molecule such as N 2 [10] interacting with 308 and 616 nm laser pulses.
In this paper, we attempt to extend our fragmentation model to explain the experimentally measured fragmentation pattern resulting from the dissociative ionization (DI) of benzene interacting with strong Ti:sapphire laser pulses. The applicability of the model is tested by comparing the measured laser-intensity-dependent abundance of C 4 H + 4 fragment ions resulting from DI of benzene with that obtained from our theoretical calculations. We have used both linear and circular polarizations to dissociate the molecule and good agreement has been reached between the experimental and theoretical results.
Experimental results and discussion
The experiment employed a commercial laser system that consists of a Ti:sapphire oscillator followed by a regenerative and two multi-pass Ti:sapphire amplifiers that can deliver pulses with energies of up to 100 mJ. The pulse duration is 200 fs (FWHM) and the central wavelength λ is 800 nm. The laser pulses were focused using f/100 optics (1 m focal length lens and a beam diameter of 1 cm) into an ultra-high vacuum chamber having a background pressure of 2 × 10 −9 Torr. The target gas is introduced into the vacuum chamber through a needle valve and the ions resulting from the dissociative ionization of the target molecule are extracted into a time-of-flight (TOF) mass spectrometer having a 60 cm long drift tube and detected with an electron multiplier in conjunction with a digital storage oscilloscope. The large f -number focusing lens was used to maximize the focal volume of the interaction region so as to obtain ion signals from very low ionization rates.
Ion curves were produced by combining a series of intensity scans, each having a different fill pressure in the interaction chamber. The gas pressure in the interaction chamber was controlled by a precision leak valve and ranged from 10 −8 to 10 −4 Torr. Higher pressures could only be used for low ion number, since space-charge effects and detector saturation had to be avoided. In fact, minimizing the space-charge effects and maximizing the collection efficiency, are major elements in our experiments. The laser intensity was determined by measuring the laser energy, the pulse width and the focal spot size. The energy measurement was taken from a 4% reflection off a wedged beamsplitter situated after the interaction region, Figure 1 . Mass spectra of benzene exposed to 200 fs pulses with a wavelength of 800 nm. The vertical axis is in arbitrary units. The strength of C 6 H + 6 is so high that the detector is saturated. The peak at m/q = 36 is the overlap of two fragments C 3 H + 3 and C 6 H 2+.
6 Using deuterated benzene indicated that at higher intensities the latter fragment is dominant (see figure 2(c)).
and was detected with a pyroelectric energy meter. The pulse width was measured by a second-order autocorrelator. To measure the spot size, the beam was attenuated by successive reflections from high-quality glass plates. The beam was then focused by the 100 cm focal length lens and the image of the focused area was analysed by a microscopic objective with an associated CCD camera. The beam had a nice Gaussian profile and a roundness of 0.95. The focal spot diameter (at 1/e 2 ) was found to be 100 µm. We verified our absolute intensity calibration by comparing with the saturation intensity predicted by the ADK formula [11] in the case of helium. As has already been observed [12] , near the saturation region, the experimentally measured He + signal (using a Ti:sapphire laser) has an excellent overlap with the ion yield predicted by the ADK theory. Figure 1 shows the mass spectra of the C 6 H 6 molecule at various intensities ranging from 1×10 13 to 2×10 14 W cm −2 . The spectra reveal that at low intensities the laser-induced DI gives rise to less fragmentation compared with that observed at higher intensities. Fragmentation patterns of benzene obtained in earlier measurements conducted using nanosecond [13] [14] [15] , picosecond [8] and femtosecond [5, 6] duration laser pulses reveal some dependence on the pulse duration, whereas no dependence was found on the wavelength as a very wide range of wavelength was covered in these earlier experiments. The experiments of Reilly and Kompa [13] and of Schlag and co-workers [14] , were conducted using ultraviolet (UV) light pulses of 12-20 ns duration, whereas Zandee and Bernstein [15] used somewhat higher laser intensities (∼10 10 W cm −2 ) and a near visible dye laser. On the other hand, the measurements carried out using 35 ps laser pulses and visible photons [8] employed much higher intensities (∼10 13 W cm −2 ) to fragment the molecule, whereas in the experiments of DeWitt and Levis [6] infrared laser light pulses of 170 fs duration were used. These studies indicate that the fragmentation and ionization are competing processes: with the former dominating when longer duration pulses were used and the latter dominating with short pulses.
All the data sets obtained using nanosecond laser pulses indicated fragmentation with no evidence of multiple ionization. These observations indicated, somewhat unexpectedly, that despite the intrinsic strength of its ring structure, benzene does not multiply ionize but, rather, it fragments in the course of interactions with stronger light fields. On the basis of their nanosecond experiments, Schlag and co-workers [14] interpreted their results by employing a process that involves successive photon absorption which is characterized as the ladder switching mechanism. After the initial ejection of the electron from the neutral C 6 H 6 , the field C 6 H + 6 interaction results in the following sequence of events which is characterized as the ladder switching mechanism: This mechanism has successfully explained the fragmentation pattern of benzene interacting with UV laser pulses of nanosecond duration, however, the experiments conducted using picosecond pulses [8] offer indications that multiple ionization would need to be incorporated into the ladder switching mechanism when pulses of shorter duration are involved.
However, it is important to investigate the applicability of the ladder switching mechanism when pulses of even shorter duration, say femtosecond, are used and also to look for other models which can explain the fragmentation of polyatomic molecules in such cases. From the results shown in figure 1 , it is to be noted that C 6 H + 6 is the dominant ion regardless of the intensity of the laser, indicating that ionization is the dominant channel compared with dissociation. On the other hand, the high yield of the C 4 H + 4 ion at lower intensities compared with all the other fragment ions seems to indicate the preferential dissociation of the molecular ion into a channel leading to the formation of this fragment ion. The dissimilarity of these mass spectra at low intensities to the earlier results [13] [14] [15] and the preference for ionization over fragmentation make the applicability of the ladder switching mechanism questionable when femtosecond pulses are used.
It is important to note in this connection the non-observation in earlier measurements [13] [14] [15] of the metastable C 6 H 2+ 6 dication, which has an appearance energy of 26 eV. While copious yields were obtained of fragment ions belonging to the C 3 and C 2 groups and C + ions whose appearance energies are as high as 30-45 eV. To distinguish the possibility of the formation of doubly charged ions in our case we have used deuterated benzene in the interaction with the intense laser fields, the results of which are shown in figure 2. In contrast to the earlier results [13] [14] [15] , we observe the presence of doubly charged dications such as C 6 H 5 D 2+ as shown in figure 2 . From the results shown in figures 1 and 2, it appears improbable that the fragmentation Figure 2 . The mass spectra of deuterated benzene (C 6 H 5 D) exposed to 200 fs pulses with a wavelength of 800 nm. Linearly (a) and circularly polarized (b) pulses have been used. The intensity of the laser in both cases is 5 × 10 14 W cm −2 . In (c) we have shown part of the spectrum in detail, for both cases of polarization, to clearly show the creation of doubly charged ions. dynamics could be attributed to the ladder switching mechanism when femtosecond duration pulses are used to dissociate the benzene molecule.
In order to obtain further evidence on the non-applicability of the ladder switching mechanism in the present case, we have carried out measurements of the fragmentation patterns of C 6 H 5 D using linearly and circularly polarized laser pulses. From the results presented in figure 2 , it can be observed that the fragmentation patterns measured at an intensity of 5 × 10 14 W cm −2 are independent of the polarization of the light fields. This observation seem to offer further support to the non-applicability of the ladder switching mechanism in the case of femtosecond duration pulses. The ladder switching mechanism requires coupling between the ground electronic state of the molecular ion and an excited electronic state. In the case of circular polarization the number of allowed couplings is highly restricted by the selection rules. For example, a three-photon coupling between the ground state (1 2 4 , respectively [16] ). Thus, when using circularly polarized pulses, the ladder switching mechanism predicts a huge suppression in the probability of fragmentation which is in contrast with the experimental observations. It might be speculated that the selection rules could be broken easily due to the high intensities involved in these experiments. However, there has been no theoretical calculation to support such a claim. It is true that there is no strict selection rule, and any such rule can be violated due to the involvement of magnetic dipole and electric quadrupole (or higher multipole) couplings. However, as a rule the strength of these couplings always remains inferior to the strength of the electric dipole coupling, and thus the selection rules hold to a good approximation. Increasing the intensity of the laser does not seem to increase the importance of magnetic dipole and electric quadrupole interactions with respect to electric dipole coupling. In fact, the recent simulations using the electric dipole approximation have been able to fit the experimental observation for the multiple MPI of Xe over a wide intensity range up to 10 16 W cm −2 with high precision [17] .
Fragmentation model and theoretical ion curves
In order to quantitatively model the DI of benzene when it interacts with intense femtosecond duration laser pulses, we apply the fragmentation model of [9] which was briefly stated in the introduction. In this section, we test the applicability of the model by comparing its predictions with experimental observations in the case of the fragmentation of benzene. We have presented in figures 3 and 4 the ion yield versus intensity curve of the C 6 H + 6 ion and of one of its prominent fragment ions, namely C 4 H + 4 , for the case of linearly and circularly polarized pulses, respectively. Also, in these figures we have included the theoretical curves calculated using our model [9] in the following manner.
In the electronic ground state the neutral planar benzene molecule has the electronic configuration . . [16] . While the MPI of any one of the four electrons from the outermost orbital (1e 1g ) will result in a C 6 H + 6 ion in its ground state (X 2 E 1g ), the MPI of inner valence electrons will produce an excited molecular ion. Radiationless transitions will bring back the population of the excited electronic state down to the highly excited ro-vibrational levels of the ground electronic state of the ion in a short time. If these levels are above the dissociation limit of the final electronic state, the ion will dissociate. The four major channels open for the dissociation of the benzene ion at low internal energies are the following [18] :
Here AP denotes the appearance potential, and is defined as the minimum energy needed to form a particular fragment from a neutral molecule in its ground state. Note that these APs are for the field-free case, while in the presence of an intense laser pulse they vary as a function of the laser intensity. To clarify the matter we express AP as AP = E i + E, where E i is the ionization potential of the molecule and E is the minimum energy above the first ionization potential of the ion needed to form a particular fragment. These two terms have different laser-intensity dependences. By increasing the laser intensity, due to the ponderomotive shift E i increases to E i + F 2 /ω 2 , where F is the peak electric field and ω is the frequency of the laser in atomic units. This modification of the ionization potential is implicitly included in the ionization rate formulae (equations (7) and (8) which will follow later). In contrast to the increase in the ionization potential, E decreases with increasing laser intensity to E − δE due to field-induced barrier suppression [9, [18] [19] [20] [21] . In analogy with the case of the H + 2 ion δE is estimated as δE ≈ 0.5F R, where R is the size of the ion and F is the strength of the applied field [21] . For example, at a laser intensity of 3 × 10 13 W cm −2 and assuming a size of R ∼ 2 au, δE will be around 0.77 eV.
As a result of our argument, in the presence of the laser field E will decrease and therefore any molecular ion produced in any of the levels of the 3 2 E 1u electronic state (by the ionization of the inner-shell orbital 3e 1u with the field-free ionization potential of 13.98 eV [18] ) will fragment, via one of the channels 3 and 4, through coupling with the deformed ground electronic state. From considerations based on the symmetries, the channels 1 and 2 most probably occur through the ionization to the 2 A 2u electronic state of C 6 H + 6 ion (with ionization potential of 12.24 eV [18] ) and are not in competition with channels 3 and 4 which result from the MPI to the 3 2 E 1u electronic state of the molecular ion. The main competition is between the fragmentation channels leading to the formation of C 4 H + 4 and C 3 H + 3 ions (channels 3 and 4). Though these two channels have similar APs, from earlier experimental and theoretical studies [22] [23] [24] it has been established that the C 4 H + 4 ion is the most abundant fragment ion at low internal energies, having a branching ratio three times larger than that of C 3 H + 3 ions [22] . However, the branching ratios could be altered due to the presence of the intense laser field, which would modify the potential energy surfaces of the electronic states. Unfortunately, this problem has not been addressed in the literature. In the absence of quantitative information, we estimate the branching ratios qualitatively as was done in the case of ethylene [9] . From this we expect that the importance of channel 4 will remain lower than that of channel 3 for a broad range of intensities. Such a conclusion can be verified from the mass spectra of deuterated benzene in figure 2 , which clearly show the inferior importance of channel 4 with respect to channel 3 (note that in figure 1 ion). Thus we might conclude that at lower laser intensities any molecular ion ionized to the 3 2 E 1u electronic state would mainly dissociate to the C 4 H + 4 ion. Consequently, to calculate the rate of dissociation of the benzene ion to a C 4 H + 4 fragment ion, it is sufficient to calculate the rate of the MPI from the 3e 1u inner-shell orbital.
Let us denote the rate of the MPI from the orbital 1e 1g (the outermost orbital of benzene with the ionization potential of 9.25 eV [18] ) by W 1 and the rate of MPI from the inner valence orbitals 3e 2g , 1a 2u and 3e 1u (with the ionization potentials of 11.49, 12.24 and 13.98 eV, respectively [18] ) by W i (i = 2, . . . , 4), respectively. Then the rate equations for the probability of ionization to the ground and the excited electronic states of the ion, P 1 and P i (i = 2, . . . , 4), are written as
Here, P 0 is the probability of the molecule remaining neutral. Since we are interested only in finding the probability of MPI from 1e 1g and 3e 1u orbitals and since W i W 1 for (i > 1) these equations can be approximated with (i = 1, 4)
To solve these equations the rate of MPI, W i , as a function of the laser intensity is needed. For this purpose we use the previous results of [7] , from which the cycle averaged rate of the MPI of an unsaturated hydrocarbon with ionization potential E i in a linearly polarized laser field with peak electric field strength F and frequency ω is given by
The corresponding relation in the case of a circularly polarized laser is the following:
where FT denotes the Fourier transform operator, N ≡ [n osc + E i /ω] is the minimum number of photons necessary to ionize the molecule, n osc = F 2 /ω 3 is the oscillation energy of an electron in the field and represents the ponderomotive shift of the potential energy in the presence of laser field, J n (u) and J n (u, v) are, respectively, the Bessel and the double Bessel functions [25] , p = √ 2ω (n − n osc − E i /ω) is the momentum of the ionizing electron, n f = 2 √ n osc /ω cos(α) and n f = √ 2n osc /ω sin(α). For linear polarization α is the angle between the momentum of the electron, p, and the electric field of the laser, F . In the case of circular polarization α is the angle between the momentum of the electron and the direction of propagation of the laser, z. The angle α is related to the angular coordinates of p and F (or z) by the following relation:
where the unprimed and primed angular variables denote the angular coordinates of p and F , respectively (or z in the case of circular polarization). In equations (7) and (8) the function ψ(r) is the asymptotic wavefunction and I (r) accounts for the Coulomb correction for the single-electron tunnelling model [26, 27] . These functions are given by
where
Here, Z c (in units of electronic charge) is given by Z c = 1.0 + Q, where Q is the net charge that has migrated from the H atoms onto the C sites. In the case of benzene Q is calculated from the ab initio wavefunction to be approximately −0.23 [28] . For the MPI from the inner valence, the value of Z c is found simply by using the fact that the ionization potential is proportional to Z c (note that we have assumed ionization predominantly from the carbon sites). The function S(p) is calculated in [7] .
Before proceeding further, we briefly discuss the validity of Krainov's model (equations (7) and (8)) in the present context. The experimental observations using photoelectron spectra [4] show that the ionization of benzene interacting with a Ti:sapphire laser pulse at an intensity of 3.8 × 10 13 W cm −2 , occurs in an intermediate regime where the ionization is neither pure multiphoton nor pure tunnelling. This is in agreement with qualitative estimates based on the magnitude of the Keldysh parameter, γ ≡ 2ω 2 E i /F [29] (if γ 1 the process is multiphoton in nature and if γ 1 the process is pure tunnelling). At intensities ranging from 3 × 10 13 to 6.68 × 10 13 W cm −2 , which covers the appearance intensity to the saturation intensity of benzene, the Keldysh parameter varies from 1.6 to 1.0. Obviously using a pure tunnelling model like ADK [11] under this condition cannot be justified. However, as we have discussed in [9] , the criterion for the validity of Krainov's model is γ γ cr (instead of γ 1). The quantity γ cr is defined in [9] and its value is calculated to be 2.65 for benzene for the present experimental parameters. We have shown from our experimental result on the MPI of rare gas atoms [26] that the criterion expressed by γ γ cr is too strong and in practice the criterion γ < γ cr is good enough for real experiments. Therefore, it is justified to use Krainov's model in the present experiments.
Since the rate of MPI, W in equations (7) and (8), strongly depends on the laser intensity (note that F = 5.33 × 10
I , where F is the field in atomic units and I is the intensity in W cm −2 ) through n osc , an analytical formula for the spatial and temporal dependence of the intensity is desired. For our experiment this function is given by [30] 
where λ = 800 nm is the wavelength, I 0 is the peak intensity, w 0 = 49 µm is the 1/e 2 radius of the focal spot and τ = 200 fs is the full width at half maximum (FWHM) of the pulse. Finally, the three-dimensional Fourier transform in equations (7) and (8) is calculated using Hankel transforms [31] .
Equipped with all of these, equations (6) were solved and the time-and position-dependent probabilities P 1 (r, t) and P 2 (r, t) were determined. The number of each type of ion, N i , is then calculated from
where V is the interaction volume. To compare the curves thus calculated with the experimentally measured ones, we need a fixed reference point, since due to the kind of detector used (electron multiplier tube), it is very difficult to know the precise number of ions detected in each shot. A remarkable property of the ion curves is that even though N(I 0 ) depends on I 0 , however, when in equation (14), +∞ −∞ P i (r, t) dt → 1, the variation of the ion yield with peak intensity slows down and N(I 0 ) ∝ I 3/2 0 . This is the so-called saturation behaviour of the ion curves and the peak intensity at which the saturation behaviour sets in is called the saturation intensity. The saturation behaviour of the ion versus intensity curves provides a fixed point (which does not depend on any laser parameter) for the comparison of theoretically calculated ion curves with the measured one. The saturation intensity of the C 6 H + 6 ion is marked by an arrow in figure 3 . To compare the theoretically calculated ion signal with the experimental measurement it is sufficient to multiply the measured signal by a factor to bring the theoretical and measured ion curves at the same level in their respective saturation intensities. Thus, we shift vertically the experimental ion versus intensity curve of . Therefore, a complete description of the mass spectra shown in figure 1 is very complicated due to the involvement of many different channels, especially at higher intensities. We emphasize that in both figures 3 and 4 at higher intensities the theoretically calculated curves of C 4 H + 4 ion yield approach a limiting value of 10 −1 (in arbitrary units of the ion signal). Therefore, it is expected that at laser intensities above 5 × 10 14 W cm −2 the signal of fragments resulting from channels 3 and 4 should not depend on the polarization of the laser. This is the case in our experiment as might be observed from figure 2. Thus, we might state that our model of the fragmentation of polyatomic molecules successfully describes the fragmentation of benzene.
Conclusion
In conclusion, experiments have been carried out to study the dissociative ionization of benzene interacting with intense Ti:sapphire laser pulses. According to the possibility of the occurrence of MPI of inner valence electrons, a model was proposed to explain the fragmentation of polyatomic molecules interacting with strong laser pulses. This model involves a three-step mechanism:
The applicability of this model was tested for the case of DI of benzene. In this case, the experimental observations such as the preference for ionization compared with dissociation, the formation of the doubly charged cation and also the independence of the fragmentation pattern on the laser polarization indicate the non-applicability of the existing ladder-switching mechanism when the fragmentation is induced by femtosecond pulses. On the other hand, our model, while being able to explain all these observations, can be used to quantitatively predict the abundance of different fragments. However, due to the involvement of many channels it is complicated to describe the whole fragmentation pattern in a quantitative manner. Instead, only the C 4 H + 4 fragment, which is the dominant fragment at low intensities, was considered. The model was tested by comparing the measured laser-intensity-dependent abundance of this fragment with the calculated ones and excellent agreement was obtained with the experimental results. The satisfactory fit with experiment indicates the legitimacy of our model.
